As the demand for biomass feedstocks grows, agricultural residue may be removed in a way that compromises soil sustainability due to increased soil erosion, depletion of organic matter and deterioration of soil physical characteristics. Since soil erosion from agricultural fields depends on several factors including soil type, field terrain and cropping practice, the amount of biomass that can be removed while maintaining soil tilth varies substantially over space and time. The RUSLE soil erosion model, which takes into account these spatiotemporal variations, was used to estimate sustainable agricultural biomass removal rates for single pass crop grain and biomass harvesting system. Soil type, field topography, climate data, management practices and conservation practices were stored in individual databases on a state and/or county basis. Geographic position of the field was used as a spatial key to access the databases to select site specific information such as soil, topography and management related parameters. These parameters along with the actual grain yield were provided as the inputs to the RUSLE model to calculate the yearly soil loss per unit area of the field. An iterative technique was then used to determine the site-specific biomass removal rate that keeps the soil loss below the soil loss threshold (T) of the field. The sustainable removal rate varied substantially with field terrain, crop management practices and soil type. At a location in a field in Winnebago county, Iowa with ~1% slope steepness and conventional tillage practice, up to 98% of 11 Mg/ha total corn stover was available for collection with negligible soil loss. The study, however, has considered only the soil erosion tolerance level and has neglected the potential effects in organic matter content and other biophysical properties of the soil due to excessive biomass removal. There was no biomass available to remove with conventional tillage practice in steep slopes such as a location in Crawford County, Iowa field with a 12.6% slope. If no-till crop practices were adopted, up to 70% of available biomass could be collected at the same location with 12.6% slope. In case of soybean-corn rotation with no-till practices, about 98% biomass was available for removal at the locations in Winnebago field with low slope steepness, whereas 77% biomass was available at a location in the Crawford field with 7.5% slope steepness. Sustainable removal rates varied substantial over an agricultural field, which showed the importance of site specific removal rate estimation. These sustainable removal rates will be provided as recommended rates for the producers to use during a single pass crop grain and biomass harvesting operation. This type of site-specific biomass removal rate estimation is necessary to achieve field level sustainability in agricultural biomass production and collection systems. Abstract. As the demand for biomass feedstocks grows, agricultural residue may be removed in a way that compromises soil sustainability due to increased soil erosion, depletion of organic matter and deterioration of soil physical characteristics. Since soil erosion from agricultural fields depends on several factors including soil type, field terrain and cropping practice, the amount of biomass that can be removed while maintaining soil tilth varies substantially over space and time. The RUSLE soil erosion model, which takes into account these spatio-temporal variations, was used to estimate sustainable agricultural biomass removal rates for single pass crop grain and biomass harvesting system. Soil type, field topography, climate data, management practices and conservation practices were stored in individual databases on a state and/or county basis. Geographic position of the field was used as a spatial key to access the databases to select site specific information such as soil, topography and management related parameters. These parameters along with the actual grain yield
Introduction

1
One of the most critical challenges the world is facing today is the increasing demand for 2 energy. To minimize the adverse effects on environment and the dependence on non-3 renewable fossil fuels, renewable energy sources must be explored and expanded in every 4 possible dimension (Glassner et al., 1999) . Because the use of grain to produce ethanol will 5 likely increases the food prices, there is a rapidly increasing interest in using biomass for bio-6 fuel generation. Studies have shown the potential and importance of using cellulosic biomass 7
for bio-fuel and other bioenergy generation. University researchers and private companies are 8 developing and improving technologies and infrastructure for the fuel production from cellulosic 9 biomass (Hettenhaus et al. 2000) . The US Department of Energy (USDOE, 2007) has set a 10 30*30 goal which aims to replace 30% of fossil fuel with bio-fuel by the year 2030. One billion 11 dry ton of biomass feedstock is necessary to meet this goal, which will not be possible without 12 extensive use of various types of cellulosic biomass (Perlac et al., 2005) . In recent years, the 13 use of energy crops, forest biomass and agricultural residue have been widely studied as viable 14 sources of cellulosic biomass (Wilhelm et al., 2004; Andrews, 2006 has been and will be collected at a steadily increasing rate to meet the increasing demand of 19 biomass feedstocks in short to medium term. 20
Although agricultural biomass is a renewable energy source with great potential, it also 21 presents sustainability challenges due to its interdependence with the soil and environment. 22
Various studies have shown that excessive removal of agricultural biomass from the fields will 23 have adverse effects on soil quality and environment. Soil structure, soil organic matter (SOM) 24 content, soil organic carbon (SOC) sequestration, nutrient cycling, soil biodiversity and crop 25 production can be affected if crop biomass is removed without considering the sustainability 26 issues (Karlen et al., 1994; Andrews, 2006 ; Blanco-Canqui, 2010). Lindstrom (1986) found that 27 increased corn stover removal at both reduced tillage and no tillage planting system will 28 increase the water runoff and soil erosion, which may cause the nutrient removal to exceed the 29 nutrients available from the standard fertilization practices. Studies such as Wilhelm et al. 30 (2007) and Blanco-Conqui et al. (2009) have shown that SOM will decrease with increased corn 31 stover removal. Karlen et al. (1994) found that a continuous removal of crop residue over a 32 decade will cause reduced soil carbon, microbial and fungal activities and earthworm 33 populations, which will lead to poor agricultural soil function. According to Hargrove (1991) , 34 surface biomass residue provides positive impacts on soil quality, which will lead to increased 35 yields. However, other studies showed an improved crop yield when residue was removed 36 (Swan et al., 1987) . These conflicting results suggest that the effect of biomass removal on yield 37 may not be substantial in short term. However, the yield is very likely to decrease in the long run 38 with continuous biomass removal due to increased erosion, reduced SOM and nutrients and 39 lowered biodiversity (Andrews, 2006) . Therefore, it is necessary to be careful in removing 40 agricultural residue so that degradation of soil and environment is prevented and agricultural 41 production can be sustained. 42
To ensure the sustainability of agricultural production systems, only a certain proportion 43 of biomass can be removed from agricultural fields. The actual removable amount depends on 44 various parameters related to the agricultural field, cropping systems and environment. The 45 effect of residue removal from agricultural fields will be more adverse in conventional tillage 46 systems, which suggest a strong interaction between the tillage and the amount of biomass that 47 can be removed safely (Benoit and Lindstorm, 1987; Linden et al., 2000; Wilson et al., 2004) . 48 Sustainable biomass removal rate also depends on soil type and condition (Benoit and 49 Lindstorm, 1987) and crop type and crop rotation (Reicosky, 1995; Dick, 1998) . Climate is 50 another factor influencing the available biomass for sustainable removal (Wilhelm, 2004 
Methods
91
Water/rain-and wind-induced soil erosion can deteriorate the soil tilth and hamper 92 sustainable agricultural production. The extent of both types of soil erosion depends on various 93 factors including soil type and condition, field operations, crop management practices, field 94 topography, climate and extent of field cover by agricultural residue (Nelson, 2002) . For a given 95 location with all other variables being fixed, the extent of soil loss can be guided primarily by the 96 amount of agricultural biomass left on the field. Based on the rate and role of top soil formation, 97
USDA-NRCS has recommended a tolerable soil loss threshold (T) across the United States. 98
This threshold can be viewed as the tolerable soil loss for the sustainable agricultural production 99 (Nelson, 2002) . If a field experiences soil erosion above this threshold, overall soil quality will 100 decline over the years and agricultural production will not be sustainable. A methodology 101 developed to estimate the site specific sustainable biomass removal rate will be described in 102 this section. This methodology considered only the soil erosion andnot the other factors such as 103 SOM and soil bio-physical characteristics in assessing sustainable biomass removal rate. Soil 104 erosion due to wind was also neglected in this study. The RUSLE erosion model was used to 105 estimate the biomass removal rate so that the soil erosion from agricultural fields does not 106 exceed the soil loss threshold. Biomass removal rates estimated based on the water/rain 107 erosion tolerance will be reasonable in the fields of Iowa where wind erosion is not substantial. 108
However, the removal rates have to be treated carefully in relatively flat fields where SOM loss 109 due to biomass removal may be a concern even though the soil loss is negligible. 110
RUSLE 2 Water/Rain-induced Soil Erosion Model
111
Water/rain-induced erosion moves the soil particles along the down slope of the field and 112 deposits the mass on another portion of the field, deposits it entirely on another field or transfers 113 it to waterways like streams and rivers. The basic RUSLE and USLE model is represented by 121 A = r*k*l*S*c*p
(1) 122 where, A = average annual soil loss, r = erosivity factor, k = soil erodibility factor, l = soil 123 slope length factor, S = slope steepness factor, c = cover-management factor, and p = 124 supporting practices factor. 125 RUSLE differs from USLE in the way different model parameters (factors) are calculated. 126
Based on the RUSLE model, the USDA-Agricultural Research Service (ARS), in collaboration 127 with the University of Tennessee, has developed and maintained a water/rain-induced soil 128 erosion prediction software called RUSLE 2. The RUSLE2 software, which was an improved 129 version of RUSLE software, provides a friendly graphical user interface for providing inputs and 130 getting outputs from the model ( 
Parameter Estimation
138
Input parameters required to run the erosion model were acquired using public domain 139 data. Management practices were based on common practices of Iowa farmers and 140 implemented with RUSLE2 using operations defined in the crop management database. 141
Conventional and no-till crop management practices were used ( States Geological Survey (USGS) and were used to determine the soil type at particular 158 locations (Fig. 1) Climatic data specific to a county was also retrieved from the databases distributed with 172 the RUSLE2 software and RomeDLL. Crop yield data was also available in the crop 173 management templates available in the RUSLE2 database. To be more realistic, however, 174 county level average yield provided by USDA National Agricultural Statistics Services (USDA-175 NASS, 2010) was used in this study. The yield value will eventually be acquired using yield 176 monitor when the system is used in single pass grain and biomass harvesting operation. It was 177 assumed the crop rows were parallel to the contour lines in the field. It was also assumed that 178 
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Calculating Sustainable Biomass Removal Rate
181
The RUSLE 2 model was used to calculate soil losses in a field with site-specific inputs and 182 specific amount of agricultural residue left in the field (Fig. 2) were considered, which gave a total of 24 different scenarios for biomass removal rate 206 estimation. To estimate the biomass availability in the soybean-corn rotation, it was assumed 207 that no biomass as collected during the soybean harvesting season. The methodology was also 208 used to develop a regularly gridded removal rate map for the western part of the Crawford 209 county field. 210 
Results and Discussion
219
Sustainable agricultural biomass removal rates varied widely over the two agricultural 220 fields in Iowa depending on the crop management practices (tillage and rotation), field 221 topography and soil type (Table 4 , Fig. 4) . At the two locations in a relatively flat field in 222
Winnebago County, 98% of the 11 Mg/ha (9900 lb/ac) total biomass could be removed with 223 negligible soil loss for both continuous corn and soybean-corn rotations. No changes in biomass 224 removal rates were observed with the changes in tillage practice and soil types between the two 225 locations in this field because the soil loss in the field was always negligible and almost all 226 available biomass was removable. At these locations, the soil type were Nicollet Loam and 227
Canisteo Clay respectively, 2009 county level average corn yield was 11.3 Mg/ha and soybean 228 yield was 3.4 Mg/ha. In estimating this removal rate, however, only the soil erosion tolerance 229 level was considered as a constraint and potential effects in organic matter content and other 230 biophysical properties of the soil due to excessive biomass removal were neglected. These 231 results are in agreement with the results of Newman (2010) reported removal rates varying from 20% to 70%. However, these studies were based on the 234 county wise average slope steepness values which generally were higher than the slope 235 steepness of this field. 236
At four locations in the rugged Crawford field, the biomass availability decreased 237 substantially as the slope steepness increased from 2.6% to 7.5% and then to 12.6% with the 238 same soil type, tillage practice and crop rotation. At these locations, soil types were Monana Silt 239
Loam (first three locations) and Ida silt loam (last location), 2009 average corn yield was 12.4 240
Mg/ha and soybean yield was 3.6 Mg/ha. At a location with 2.6% slope, 98% biomass was 241 available for removal in both conventional-and no-till practices when farmers were practicing 242 continuous corn rotation. However, no biomass was available for removal at locations with 7.5% 243 and higher slopes when the farmers were using conventional tillage practice. If no-till practices 244 were adapted, the removal rate went as high as 88% for the continuous corn rotation and 77% 245 for the soybean-corn rotation at the location with 7.5% slope steepness. The interaction 246 between tillage practices and biomass removal rates became more apparent with increasing 247 slopes. As the intensity of tillage was reduced from conventional to no-till, the amount of 248 removable biomass increased, which is in agreement with the results from previous studies 249 including Nelson et al. (2004) and Wilson et al. (2004) . At two locations with similar slope 250 steepness values, the biomass removal rate differed from one soil type to the other. For a no-till 251 continuous corn management practice, the removable rate was 70% at a location with Monona 252 silt loam and 12.6% slope steepness whereas the same was 74% at another location with Ida 253 silt loam and similar slope steepness. 254
A lower level of sustainable biomass availability for the conventional tillage practices was 255 expected as the soil erosion will be more prevalent in the tilled soil and additional surface cover 256 is required to keep the soil loss below the tolerance level. No-till cropping practices with 257 increased area of continuous corn production will be essential to increase the availability of 258 removable biomass. Lower levels of sustainable removal rates in steep slopes were also 259 expected. In sloped terrain, higher level of agricultural residue is required to minimize the soil 260 erosion, which will leave very little to remove from the field. Generally, the actual yield in the 261 sloped area will be lower than the county level average yield used in this study. This 262 discrepancy may lead to even less availability of removable biomass during actual field 263 operations. On the other hand, the single pass biomass removal operation was mimicked using 264 conventional multi-pass operations as the single-pass harvesting operation was not included in 265 the RUSLE2 database. This mimicking may cause underestimation of the biomass removal 266 rates as additional field operations considered in the soil loss calculation will not be there in the 267 actual single-pass harvesting operation. The discrepancy will favor the sustainability and soil 268 tilth, though it may not be substantial. In this work, it was assumed that no supporting practices 269 were used in the field. If the farmers built supporting structures such as barriers and diversions, 270 the water/rain-induced soil erosion will decrease and the availability of removable biomass will 271 likely increase. 272 These results indicated that there was a substantial variability in biomass removal rates 298 within an agricultural field and a site-specific variable rate biomass collection system is essential 299 to develop sustainable biomass feedstock supply system. In the variable rate single-pass crop 300 grain and biomass harvesting system, these site-specific sustainable removal rates will be 301 estimated during the field operations and provided as a recommended rate to the operators. 302
Depending on the willingness of the farmers, capacity of the harvesting and collection 303 equipments, and market and weather conditions, only a certain percentage of the recommended 304 rate may be collected. 305
Conclusions
306
A methodology was developed for the site-specific estimation of the sustainable 307 agricultural biomass removal rates for single pass crop grain and biomass harvesting system. 308
The methodology was used to estimate biomass removal rates in two different agricultural fields 309 in the state of Iowa. It can be concluded from this study that the sustainable removal rates vary 310 substantially over different locations in a field depending on the field terrain, crop management 311 practices and soil types. At a location in a field in Winnepego county, Iowa with ~1% slope 312 steepness and conventional tillage practice, up to 98% of 11 Mg/ha total corn stover was 313 available for collection with negligible soil loss. The study, however, has considered only the soil 314 erosion tolerance level and has neglected the potential effects in organic matter content and 315 other biophysical properties of the soil due to excessive biomass removal. In contrast, there was 316 no stover available for collection at a location in Crawford County, Iowa field with a 12.6% slope 317 steepness and conventional tillage practice. If no-till crop practice was adapted, up to 70% 318 biomass could be collected from the same location. In case of soybean-corn rotation with no-till 319 practices, about 98% biomass was available for removal at the locations with small slope 320 steepness values in Winnebago field, whereas about 56% biomass was available at a location 321 in Crawford field with 12.6% slope steepness. The removal rate map developed in this study 322 also showed a substantial variation in sustainable biomass removal rates over an agricultural 323 field, which showed the importance of the site specific removal rate estimation. The sustainable 324 removal rates estimated in this work will be provided as a recommended value for the farmers to 325 set a biomass removal level during the single pass crop grain and biomass harvesting 326 operation. This type of site-specific biomass removal rate estimation is necessary to achieve 327 field level sustainability in agricultural biomass production and collection system. 328
